Many pathogenic microbes often release toxins that subvert the host's immune responses to render the environment suitable for their survival and proliferation. LeTx is one of the toxins causing immune paralysis by cleaving and inactivating the mitogen-activated protein kinase (MAPK) kinases (MEKs). Here, we show that inhibition of the histone deacetylase 8 (HDAC8) by either the HDAC8-specific inhibitor PCI-34051 or small interference (si)RNAs rendered LeTx-exposed murine macrophages responsive to LPS in pro-IL-1␤ production. HDAC8 selectively targeted acetylated histone H3 lysine 27 (H3K27Ac), which is known to associate with active enhancers. LeTx induced HDAC8 expression, in part through inhibiting p38 MAPK, which resulted in a decrease of H3K27Ac levels. Inhibition of HDAC8 increased H3K27Ac levels and enhanced NF-B-mediated pro-IL-1␤ enhancer and messenger RNA production in LeTx-exposed macrophages. Collectively, this study demonstrates a novel role of HDAC8 in LeTx immunotoxicity and regulation of pro-IL-1␤ production likely through eRNAs. Targeting HDAC8 could be a strategy for enhancing immune responses in macrophages exposed to LeTx or other toxins that inhibit MAPKs.
The innate immune system provides protection from invading microbes by releasing antimicrobial and inflammatory mediators. However, infectious microbes subvert host immune responses by releasing various toxins. One of the most extreme cases is anthrax, which causes immune paralysis, toxic shock, and death of the host. The causative agent of anthrax is Bacillus anthracis, and LeTx is a main virulence factor that causes immune paralysis and mortality (1) . LeTx is known to cause immune suppression by targeting the MAPK pathway that is involved in many aspects of immune responses (2) (3) (4) (5) . It includes two proteins, protective antigen (PA) 2 and lethal factor (LF) (6 -10) . PA is a carrier protein that incorporates LF into the cytoplasm; LF is a metalloprotease that cleaves all MAPK kinases (MEK1-7), except MEK5 (11) and MEK7 (12) . Inactivation of these MEKs results in almost complete inactivation of MAPKs, including the ERKs and p38 MAPK (p38), but partial or no effects on JNK/SAPKs in macrophages (13, 14) and other cell types (12, 15) . Inhibition of ERKs and p38 by LeTx suppresses expression of various inflammatory cytokines in macrophages (16 -18) . Particularly, IL-1␤, which is expressed as a pro-IL-1␤ form and proteolytically matured by caspase-1, plays an important role in mounting early immune responses to germinating B. anthracis (19) , as well as multiple other bacterial pathogens (19 -26) . Severe immune suppression caused by LeTx is the main culprit for unrestricted proliferation of B. anthracis inside the host (3, 5, 27, 28) .
Epigenetics is a cellular mechanism that inheritably regulates expression of genes without altering genomic DNA sequences in response to developmental and environmental cues. There are three distinct but inter-related mechanisms in epigenetics as follows: DNA methylation, chromatin structure modification, and non-coding RNAs. Among them, modifications of the N-terminal regions of histones by phosphorylation, methylation, and acetylation dynamically orchestrate chromatin structures and regulate gene expression. In macrophages, these epigenetic mechanisms are involved in activation (29) , differentiation (30 -32) , and endotoxin tolerance (33) (34) (35) . Various bacterial and viral microbes also epigenetically manipulate host immune responses to render environments suitable for their survival and proliferation. LeTx was shown to inhibit histone H3 serine 10 (H3S10) phosphorylation by targeting the ERK and p38 and to suppress recruitment of NF-B to gene-specific promoters, including IL-6 and IL-8 (15) . Acetylation on lysine residues is another key histone modification, mainly associated with transcriptional activation of genes. Levels of histone acetylation are regulated by two families of enzymes (36) , the histone acetyltransferases and histone deacetylases (HDACs). We previously showed that LeTx up-regulates HDAC8 expression, which is involved in silencing the mitochondrial death genes, likely through targeting acetylated histone H3 lysine 27 (H3K27Ac) (37) . HDAC8 was shown to target the core histones H2A/H2B, H3, and H4 in vitro (38 -40) ; however, in vivo activity of HDAC8 toward histones and specific histone residues is unknown (41) .
Enhancers are cis-regulatory elements that regulate gene expression at varying distances from their target genes (42) . In mammalian cells, most active enhancers have the ability to recruit polymerase II and transcription factors and exhibit mono-or bi-directional transcription (43) (44) (45) (46) (47) . These transcripts, referred to as eRNAs, are dynamically induced before or at the same time of the appearance of mRNAs (43, 48) . In LPSstimulated macrophages, the amount of eRNAs is also highly correlated with the amount of corresponding signal-dependent mRNA transcripts (47, 49) . These enhancers are often demarcated by genomic regions that associate with mono-methylated histone H3 lysine 4 (H3K4me1) and histone acetyltransferases such as cAMP-response element-binding protein binding protein and p300; however, these markers do not distinguish active and poised enhancers. In fact, H3K27Ac-positive regions are a fraction of H3K4me1-positive regions and specific to active enhancers in a given cell type (50 -52) . Because H3K27Ac levels can be regulated by LeTx through HDAC8 (37), we examined whether LeTx regulates expression of inflammatory cytokines such as IL-1␤ by enhancers and whether HDAC8 inhibition protects macrophages from LeTx-induced immune suppression. Here, we show that induction of HDAC8 expression and activity by LeTx resulted in the decrease of H3K27Ac levels and subsequent suppression of pro-IL-1␤ eRNA and mRNA production. Also, inhibition of HDAC8 restored LPS responses in producing pro-IL-1␤ eRNA, mRNA, and protein in LeTx-exposed murine macrophages.
Experimental Procedures
Materials and Reagents-Anthrax lethal toxins (PA and LF) and Escherichia coli O111:B4 LPS were purchased from the List Biological Laboratories. Epigenetic chemical inhibitors used in this study are the following: apicidin (Santa Cruz Biotechnology); aza-2-deoxycytidine (azacitidine; Sigma); CAY10603 (Cayman Chemical); mocetinostat (MGCD0103; Selleck); MC1568 (APExBio Technology); PCI-34051 (Cayman Chemical); and panobinostat (LBH-589; Selleck). The ERKs, p38 MAPK inhibitors, U0126, SB203580, and NF-B activation inhibitor, respectively, were purchased from Calbiochem. Anti-GFP and antibody raised against the N terminus of MEK1 (MEK1-NT) were obtained from Life Technologies, Inc., and StressGen Bioreagents, respectively. Antibodies for phospho-p38, phospho-ATF-2, phospho-IB, and IB were obtained from Cell Signaling. Monoclonal antibody for HDAC8 was purchased from Epigentek (catalog no. A-4008). Antibodies for H3K4Ac, H3K14Ac, H3K18Ac, H3K23Ac, H3K27Ac, H3K36Ac, H3K56Ac, H3K79Ac, and H3K27me3 were from Active Motif; pan-histone H3 was from BioVision; ␤-actin was from Rockland Inc.; and anti-NF-B (p65) was from eBioscience. The pro-IL-1␤ antibody was a kind gift from Dr. Aurigemma (NCI-Frederick Cancer Research and Development Center, Frederick, MD). Predesigned siRNAs targeting HDAC8 (catalog no. SI1063902) and antisense oligonucleotides (ASO; LNA TM GapmeRs, Exiqon) targeting pro-IL-1␤ eRNA (CAATCCTGGTTGATGA) were purchased from Qiagen and Exiqon, respectively.
Cell Culture and Transfection-RAW264.7 macrophages were cultured in Dulbecco's modified Eagle's medium as described previously (53) . Primary bone marrow-derived macrophages (BMDMs) were prepared from 129/Svj mice or C57BL/6j mice as described previously (54) . RAW264.7 cells stably transfected with pEGFP or pEGFP-HDAC8 were pre-pared and cultured as described previously (37) . Transfections of RAW264.7 cells and BMDMs with siRNAs and ASOs were performed using the Lipofectamine RNAi Max kit (Invitrogen), according to the manufacturer's instructions.
Western Blotting-Preparation of total cell lysates and immunoblotting were performed as reported previously (37) .
Chromatin Immunoprecipitation (ChIP) Analysis -ChIP analysis was conducted as described previously (37) , using H3K27Ac antibody (Active Motif), anti-NF-B (p65; eBioscience), or rabbit IgG antibody (Sigma) as a control. Purified DNAs were subjected to quantitative real time PCR analysis using Power SYBR Green PCR Master Mix (Applied Biosystems) and primers targeting up to ϳ10 kb upstream of the IL-1␤ transcription starting site. Primers used for ChIP analysis are as follows: primer 1, forward (F), CTTCTTTACTTATC-CTCTTGCTCAG, and reverse (R), TGAGAGGGAAAGAA-CAGACCC; primer 2, F, AAACCCTTGAGCTGATGCCT, and R, TCATTGCCTCCTCCCAGACA; primer 3, F, CAGG-GTGGGCTCAAGCATTA, and R, GGATCGGCCTACTG-ACCTTG. Data are presented as percentage of the precipitated target sequence as compared with input DNA.
Quantitative Real Time PCR-eRNA or mRNA expression was quantified by quantitative real time PCR (qPCR) as reported previously (37) . Briefly, total cellular RNAs were isolated using TRIzol (Life Technologies, Inc.) according to the manufacturer's instructions and reverse-transcribed using Moloney murine leukemia virus reverse transcriptase (New England Biotechnology) with random hexamers (for eRNA) or oligo(dT) primers (for mRNA). qPCR analyses were performed with a Rotor-Gene RG3000 quantitative multiplex PCR instrument (Montreal Biotech) using Power SYBR Green PCR Master Mix (Applied Biosystems). In eRNA analysis, qPCR was also carried out on RNA, which was not reverse-transcribed, to control for the lack of genomic DNA contamination. The data were normalized by expression of the GAPDH housekeeping gene.
HDAC8 Immunoprecipitation and HDAC Assay-Histone deacetylase enzyme activity of endogenous or ectopically expressed HDAC8 was measured using purified histones as the substrate. Substrate histones were prepared from wild-type RAW264.7 cells as described in the Abcam protocol. For HDAC8 immunoprecipitation, cells were suspended and incubated on ice for 10 min in the RIPA lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% Igepal CA-630 (Nonidet P-40), 0.5% sodium deoxycholate, 0.1%) containing cOmplete Protease Inhibitor Mixture (Roche Applied Science) and PMSF (1 mM) and incubated for 10 min on ice. Cell lysates were centrifuged for 10 min at 3500 ϫ g at 4°C, and the supernatants were transferred to a new tube (tube A). Insoluble pellets were resuspended in the RIPA buffer containing 1.5 mM MgCl 2 and incubated on ice for another 10 min with vortexing every minute. Resuspended mixtures were centrifuged at 15,500 ϫ g for 10 min, and supernatants were collected (tube B). Tube A and B were combined and used for immunoprecipitation, as described previously (38, 55) . Briefly, total lysates were mixed with anti-HDAC8 or anti-EGFP antibody and rotated for 4 h at 4°C. Protein G-Sepharose TM fast flow beads (Sigma) were added and incubated for 1 h. The immunocomplex was washed three times with the RIPA lysis buffer and then washed with 100 l of HDAC assay buffer (50 mM Tris-HCl, pH 8.0, 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl 2 ). Sepharose beads-HDAC8 complexes were mixed with purified histones in HDAC assay buffer and incubated in a shaking incubator at 37°C for the indicated times. After incubation, reaction mixtures were centrifuged for 1 min at 10,700 ϫ g at 4°C, and supernatants were collected and prepared for Western blot by adding 4ϫ SDS sample buffer (125 mM Tris-HCl, pH 6.8, 4% SDS, 50% glycerol, 0.08% bromphenol blue, and 5% ␤-mercaptoethanol) to measure histone deacetylation levels.
Statistical Analysis-Data were analyzed using GraphPad Prism 4.0 (GraphPad Software). The results are presented as the mean Ϯ S.D. of three independent repeats. Data were analyzed as indicated in the figure legends. Statistical significance was defined as *, p Ͻ 0.05. (3) (4) (5) . Consistent with these reports, a sublethal dose of LeTx (100 ng/ml PA and LF, each for 4 h) completely cleaved MEK1 and inhibited expression of pro-IL-1␤ induced by LPS (100 ng/ml) for more than 2 days in RAW264.7 macrophages ( Fig. 1A ). Our previous studies have shown that these LeTx-exposed macrophages are epigenetically reprogrammed through DNA methylation and histone acetylation (37, 53) . When we examined whether epigenetic reprogramming is also involved in the inhibition of pro-Il-1␤ production, the pan-specific HDAC inhibitor panobinostat also restored expression of pro-IL-1␤ induced by LPS in LeTx-exposed RAW264.7 macrophages ( Fig. 1B) . However, the DNA methyltransferase 1 inhibitor azacitidine or the HDAC1-3-and Ϫ11specific inhibitor mocetinostat had no such effects. Further examination on isoform-specific HDAC inhibitors showed that the HDAC8-specific inhibitor PCI-34051 (PCI) restored the expression of pro-IL-1␤ protein and mRNA (Fig. 1C ) in LeTxexposed macrophages, whereas other isoform-specific HDAC inhibitors, such as apicidin (HDAC3-specific), CAY10603 (HDAC6-specific), and MC1568 (HDAC7-specific), failed to show such effects (data not shown). Interestingly, PCI had no effect on the overall pro-IL-1␤ mRNA and protein production in response to LPS in non-LeTx-exposed cells (Fig. 1D ). To rule out any off-target effects of PCI, we used small interference RNAs targeting HDAC8 (si-HDAC8) and found that si-HDAC8 also restored pro-IL-1␤ production in LeTx-exposed cells (Fig. 1E ). To further confirm the role of HDAC8, EGFP-conjugated HDAC8 (HDAC8-EGFP) was stably overexpressed, and the expression of pro-IL-1␤ in response to LPS was examined. Clearly, LPS failed to produce pro-IL-1␤ in HDAC8-EGFP-overexpressing cells ( Fig. 1F ) but not EGFP vector-overexpressing cells. To further examine whether HDAC8 inhibition renders similar effects on primary macrophages, bone marrow-derived macrophages from two different strains were treated with PCI or si-HDAC8. PCI-treated primary BMDMs from C57BL/6j mice ( Fig. 1G ) and si-HDAC8-treated BMDMs from 129SvJ mice ( Fig. 1H ) were also able to express pro-IL-1␤ by LPS even after LeTx treatments. Consistent with Fig. 1D , knockdown of HDAC8 did not have any effects on overall production of pro-IL-1␤ in 129SvJ BMDMs (Fig. 1I ). Collectively, these results suggest that HDAC8 inhibition prevents the inhibitory effects of LeTx on the expression of pro-IL-1␤ in murine immortalized and primary macrophages.
Results

HDAC8 Inhibition Restores the Production of Pro-IL-1␤ in Response to LPS in LeTx-exposed Murine Macrophages-LeTx suppresses expression of various inflammatory cytokines by inactivating MEKs
HDAC8 Deacetylates H3K27 in Vitro-HDAC8 was shown to target histone H3 in vitro (56); however, their specific target sites of H3 are unknown. To examine whether HDAC8 deacetylates specific residues of H3, HDAC8 was immunoprecipitated from RAW264.7 cells, and the immunocomplex was incubated with histones prepared from nuclear extracts of RAW264.7 cells in the presence or absence of PCI for 60 min. As shown in Fig. 2A , the immunoprecipitated HDAC8 significantly deacetylated H3K27Ac, which was inhibited by PCI, but not other residues, including H3K23, H3K18, H3K14, and H3K4. To further confirm, HDAC8-EGFP was ectopically expressed in RAW264.7 macrophages and precipitated using anti-EGFP antibody. The HDAC8-EGFP immunocomplex also deacetylated H3K27Ac within 30 min of the reaction (Fig. 2B) .
LeTx Decreases H3K27Ac Levels at Least in Part by Inducing HDAC8 Expression-Previously, we showed that LeTx-exposed cells harbor lower levels of H3K27Ac (37) . We confirmed that LeTx only caused an apparent decrease in H3K27Ac levels but not in H3K23, H3K36, H3K56, and H3K79 (Fig. 3A) . We then examined whether LeTx-treated macrophages had higher HDAC8 deacetylation activity toward H3K27Ac levels. To this end, endogenous HDAC8 was immunoprecipitated from LeTx-exposed RAW264.7 cells, and their activities toward H3K27Ac were examined in vitro. As shown in Fig. 3B , immunoprecipitated HDAC8 from LeTx-exposed cells had higher deacetylating activities toward H3K27Ac when compared with those from non-treated (control) cells. In contrast, immunoprecipitated HDAC8 had no effects on H3K27 methylation levels in either non-exposed or LeTx-exposed cells. Next, we examined how LeTx induced HDAC8 activity. First, LeTx induced a gradual increase of HDAC8 protein levels over 24 h (Fig. 3C ), which was consistent with higher HDAC8 inputs in LeTx-exposed samples (Fig. 3B, bottom lane) . To further confirm the role of HDAC8 in H3K27 deacetylation, H3K27Ac levels were examined after either ectopically overexpressing or knocking down HDAC8. As expected, si-HDAC8 prevented LeTx-induced H3K27 deacetylation (Fig. 3D) , and HDAC8-EGFP overexpression caused deacetylation of H3K27Ac (Fig.  3E) . These results suggest that LeTx decreased H3K27Ac levels at least in part by inducing expression of HDAC8.
HDAC8 Inhibition Reverses the Inhibitory Effect of LeTx on Pro-IL-1␤ eRNA Production Induced by LPS-H3K27Ac is a marker for active enhancers (49) . Active enhancers produce eRNAs, which are dynamically regulated by signaling events and highly correlated with corresponding signal-dependent transcription changes in promoters of nearby genes (49, 57) . Therefore, we examined whether production of pro-IL-1␤ eRNAs induced by LPS was regulated by LeTx. Based on the ENCODE/UCSD bone marrow-derived macrophage H3K27Ac chromatin immunoprecipitation sequencing (ChIP-seq) database, two peaks of DNA sequencing frequency were found in area, ϳ10 kb (peak 1) and ϳ2 kb (peak 2) upstream of the pro-IL-1␤ transcription start site (TSS) (Fig. 4A ). These peaks also coincided with the genomic regions highly associated with H3K4me1 but not with H3Kme3, indicating active enhancers (50 -52) . Therefore, we designed 11 qPCR primer sets encom-FIGURE 1. HDAC8 inhibition prevents the inhibitory effects of LeTx on the expression of pro-IL-1␤ induced by LPS. A-F, RAW264.7 cells were treated with a sub-lethal dose of LeTx (100 ng/ml LF and 100 ng/ml PA) for 4 h and further cultured in fresh media for the time indicated. A, LeTx-exposed (day 1-3) or non-exposed cells were stimulated with LPS (100 ng/ml) for 4 h. B, cells cultured for 16 -20 h after LeTx treatments were incubated with or without pan-specific HDAC inhibitor PN (1 nM), DNA methyltransferase 1 (DNMT1), inhibitor azacitidine (AZ; 200 nM), and HDAC1-3-and -11-specific inhibitor mocetinostat (MO; 150 nM) for an additional 20 h. These cells were then treated with LPS (100 ng/ml) for 4 h. C, cells were incubated with or without the HDAC8-specific inhibitor PCI for an additional 20 h and treated with LPS (100 ng/ml) for 4 h. D, cells were treated with LeTx and/or PCI (20 nM) and treated with LPS (100 ng/ml) for 3 h. passing the genomic area to analyze the production of pro-IL-1␤-associated eRNAs. Consistent with the database, LPS rapidly induced the transcription of eRNAs related to the two H3K27Ac peaks, apparently higher levels from peak 2 than peak 1 (Fig. 4B) . Kinetics in the induction of these eRNAs were distinct; the production of peak 1 eRNA reached the maximum level in 45 min and diminished to a basal level in 90 min, whereas the production of peak 2 eRNA reached the maximum level in 90 min, which gradually decreased in 5 h of LPS treatments ( Fig. 4, B and C). Knockdown of peak 2 eRNA by using ASO (LNA TM GapmeRs) ( Fig. 4D ) lowered the production of pro-IL-1␤ mRNA and protein induced by LPS to a similar degree of eRNA suppression by siRNA ( Fig. 4E) . However, the same ASO treatments had no effects on the production of tumor necrosis factor-␣ mRNA (Fig. 4E, right panel) , ruling out nonspecific effects of ASO. These results suggest that the production of peak 2 eRNA was required for the optimal production of pro-IL-1␤ mRNA. Furthermore, H3K27Ac ChIP-qPCR experiments showed that LeTx significantly decreased association of H3K27Ac with the peak 2 region, which was reversed by PCI ( Fig. 4F ). Consistent with these results, production of peak 2 eRNA by LPS was inhibited by LeTx, which was then prevented by PCI treatment (Fig. 4G) . These results suggest that HDAC8 was involved in the inhibition of pro-IL-1␤ enhancer activity in LeTx-exposed macrophages.
HDAC8 Is Involved in the p38-mediated Inhibition of Pro-IL-1␤ eRNA and mRNA Production at the Late Stage of LeTx Intoxication-To further examine which MAPK inhibition is involved in the LeTx-induced suppression of pro-IL-1␤ enhancer activity, RAW264.7 macrophages were pre-treated with the MEK1/2-and p38-specific inhibitors, U0126 (U0) and SB203580 (SB), respectively, for 24 h, and production of peak 2 eRNA by LPS was analyzed. Between the two inhibitors, only SB substantially suppressed eRNA production but not U0 (Fig.  5A ). In fact, U0 transiently (up to 6 h) inhibited the eRNA and mRNA production and even tended to further enhance the production after 24 h of treatment (Fig. 5, A and B) . However, concomitant treatments of SB and U0 suppressed the eRNA and mRNA production ( Fig. 5B) . Loss of the inhibitory effect of U0 was not due to an incomplete inhibition, because U0 was added each time before LPS treatments, and single treatment of U0 was able to inhibit ERK phosphorylation for 24 h (data not shown). Consistent with these results, only SB was able to induce HDAC8 production and subsequent hypo-acetylation of H3K27 in a PCI-sensitive manner after 12-24 h of treatments ( Fig. 5, C and D) . U0 had no effects on HDAC8 expression ( Fig.  5C ) and rather induced hyper-acetylation of H3K27 (Fig. 5C,  lane 3) . As expected, inhibition of pro-IL-1␤ eRNA and mRNA production by SB was prevented by PCI ( Fig. 5E ). Because induction of HDAC8 expression and H3K27Ac deacetylation was a late event, occurring ϳ12 h after p38 inhibition, we examined the kinetics of PCI effects on pro-IL-1␤ eRNA and mRNA productions in LeTx-exposed cells. In line with the results shown in Fig. 5, B and C, PCI gradually prevented the inhibitory effects of LeTx only after 12 h of LeTx treatments (Fig. 5F) . These results suggest that HDAC8 inhibition restored the LPS response only at the late stage of LeTx intoxication.
HDAC8 Inhibition Increases LPS-induced Recruitment of NF-B to the Pro-IL-1␤ Enhancer Regions in LeTx-treated
Macrophages-Because inhibition of p38 was involved in the prolonged inhibition of pro-IL-1␤ production, we examined whether HDAC8 inhibition reversed p38 signaling events prevented by LeTx. LeTx abolished phosphorylation of p38 and its substrate transcription factor ATF-2, and PCI had no effects on these inhibitory effects (Fig. 6A ). Unlike MAPKs, LeTx had no effects on the activation of NF-B induced by LPS based on phosphorylation and degradation of the inhibitor B (IB; Fig.  6A ). Therefore, we examined the recruitment of NF-B to the enhancer and promoter regions of pro-IL-1␤ by NF-B ChIP-qPCR analysis. As shown in Fig. 6B , LPS increased recruitment of NF-B to the H3K27Ac-associated enhancer regions (peaks 1 and 2) and the promoter region adjacent to the pro-IL-1␤ TSS (primer sets 10 and 11). LeTx inhibited NF-B recruitment to these regions, which was prevented by PCI pre-treatments ( Fig.  6B ). Furthermore, inhibition of NF-B by the chemical inhibitor (NF-Bi) partially suppressed the production of pro-IL-1␤ eRNA and mRNA (Fig. 6C ). However, unlike in LeTx-exposed cells, PCI failed to restore the production in NF-Bi-treated cells. Also, NF-Bi was able to prevent the effect of PCI in reversing the inhibitory effects of LeTx. Collectively, these results suggest that NF-B was involved in the activation of pro-IL-1␤ enhancer through a signaling event residing downstream of HDAC8/H3K27Ac, and that the inhibition of HDAC8 likely reinstated LPS responses through enhancing recruitment of NF-B to the enhancer regions in LeTx-exposed macrophages (Fig. 7) . . LeTx decreased H3K27Ac levels in an HDAC8-dependent manner. A, RAW264.7 cells were treated with a sub-lethal dose of LeTx (100 ng/ml LF and 100 ng/ml PA) for 4 h and further cultured for an additional 20 h in fresh media. Cell lysates were prepared for immunoblotting against various residuespecific histone H3 acetylation antibodies. Anti-MEK1-NT was used for indication of LeTx incorporation into the cytosol, and histone H3 was used as loading controls. B, HDAC8 immunocomplexes were prepared from non-or LeTx (100 ng/ml LF and 100 ng/ml PA)-exposed RAW264.7 macrophages, and their activities toward H3K27Ac were measured at 30 and 60 min after incubating HDAC8 immunocomplexes and substrates. Immunoblotting against H3K27me3 was used as negative controls. Histones used for substrates were visualized by Ponceau S staining, and Western blots for HDAC8 were used to visualize input of immunoprecipitated HDAC8. Images shown are representative results of three independent experiments. C, RAW264.7 cells were exposed with LeTx (100 ng/ml LF and 100 ng/ml PA) for 2 h and further cultured with fresh media for the time indicated. 
Discussion
Activation of the microbial sensing pattern recognition receptors, such as TLR4 by LPS, activates latent and signal-dependent transcription factors that induce expression of various inflammatory genes by activating promoters (58, 59) . A large number of enhancers are also activated by LPS, producing eRNAs before or at the same time as the promoter-driven mRNA production (42, 43, 49, 60) . These eRNAs have shown to be involved in the formation of enhancer-promoter chromatin loops and enhancement of mRNA transcription in cis (61, 62). Pro-IL-1␤ eRNA and mRNA productions were analyzed by qPCR. F, RAW264.7 cells were treated with LeTx (100 ng/ml LF and 100 ng/ml PA) for 2 h and further cultured in the fresh media with or without PCI (20 nM). LeTx-exposed or non-exposed cells were treated with LPS (100 ng/ml) for 1.5 h at the time indicated after LeTx treatment. Pro-IL-1␤ eRNA and mRNA levels were measured by qPCR. Data are expressed as means Ϯ S.D. (n ϭ 3). FIGURE 6. HDAC8 inhibition increases LPS-induced NF-B association into the pro-IL-1␤ enhancer region in LeTx-exposed cells. RAW264.7 cells were treated with a sub-lethal dose of LeTx (100 ng/ml LF and 100 ng/ml PA) for 4 h and further cultured in fresh media for 16 h. These cells were then incubated with or without the HDAC8-specific inhibitor PCI (20 nM) for an additional 20 h and treated with LPS (100 ng/ml) for the time indicated. A, levels of phospho-p38, phospho-ATF-2, phospho-IB, total IB, and MEK1 were analyzed by Western blots. Immunoblotting for ␤-actin was used as loading controls. B, cells were stimulated with LPS (100 ng/ml) for 45 min, and the levels of NF-B association with the enhancer and promoter areas of pro-IL-1␤ were analyzed by ChIP-qPCR. C, cells were pretreated with NF-B inhibitor (0.5 M) 2 h before LPS treatment and exposed to LPS (100 ng/ml) for 1.5 or 3 h for eRNA or mRNA analysis. Pro-IL-1␤ eRNA and mRNA levels were measured by qPCR. Data are expressed as means Ϯ S.D. (n ϭ 3).
Here, we showed that LPS induced two peaks of eRNA production within ϳ15 kb upstream to the pro-IL-1␤ TSS in RAW264.7 macrophages (Fig. 4B ). In line with a previous study in human monocyte THP-1 cells (60), antisense LNA TM Gap-meRs were able to knock down the eRNA, which resulted in the inhibition of pro-IL-1␤ mRNA production induced by LPS (Fig.  4, D and E) . These results suggest that the eRNA is indeed involved in the production of pro-IL-1␤ mRNA by LPS in murine macrophages. To date, little is known about the signaling pathways involved in regulating enhancer activities. A recent study showed that transcription factors activated by divergent signaling pathways, including ERKs, p38 and NF-B are involved in eRNA production in LPS-stimulated THP-1 monocytes (63) . We also showed that all ERKs, p38 and NF-B pathways, were required for optimal production of pro-IL-1␤ eRNA and mRNA production but in different kinetics (Figs. 5B and 6C).
In general, HDACs suppress gene transcription through deacetylating N-terminal tails of core histones and interacting with co-repressors, resulting in the formation of heterochromatin and transcriptional deactivation, respectively (64) . HDAC8 is a member of the class I HDACs that are mainly localized in the nucleus and deacetylate core histones (40) . However, unlike others, HDAC8 is localized both in the cytoplasm and nucleus and was shown to deacetylate the core histones H2A/H2B, H3, and H4 in vitro (38 -40) but not yet in vivo (41, 56, 65, 66) . Failure in detecting histones as in vivo substrates of HDAC8 could be due to highly complex post-translational modifications at the N terminus of histones and limitations in sensitivity and specificity of the experimental approaches. Our approaches using antibodies that can detect specific acetylation sites of histone H3 found a strong reversecorrelation between the level of HDAC8 expression and H3K27Ac (Fig. 3, D and E) . Immunoprecipitated endogenous HDAC8 or ectopically expressed EGFP-HDAC8 also selectively deacetylated H3K27Ac in a PCI-sensitive manner (Fig. 2 ). In addition, H3K27Ac ChIP-qPCR analysis suggested that HDAC8 inhibition enhanced association of H3K27Ac with the enhancer region of pro-IL-1␤ but not with the intronic region ( Fig. 4F ). This selective activity of HDAC8 on H3K27Ac probably explains the failure in detecting changes in global histone H3 acetylation in PCI-treated cells (67) and preference of HDAC8 for specific gene regions in H3 deacetylation (68) . Collectively, these results suggest that HDAC8 is involved in the regulation of pro-IL-1␤ enhancer activity through deacetylation of H3K27Ac.
Although this study established a good correlation between HDAC8 and the level of H3K27Ac, it is still possible that HDAC8 regulates pro-IL-1␤ eRNA/mRNA independent of H3K27Ac. HDAC8 was shown to be involved in adenoviral E1A-12 protein-mediated gene suppression (69) and transcriptional repression by the inversion-16 fusion gene products in acute myeloid leukemia cells (70) . However, contribution of these genes to LPS immune responses is unknown. In addition, several proteins, including protein phosphatase (PP) 1, heat shock proteins, cofilin, ␣-actin, the structural maintenance of chromosome-3 (SMC3), ARID1A, MLL2, and the estrogen-related receptor-␣, have been shown to interact with HDAC8 (65, (71) (72) (73) (74) (75) . Involvement of these proteins in immune responses has yet to be explored. Interestingly, association of HDAC8 with PP1 inhibits cAMP-response element-binding protein activity (76) , which could influence IL-1␤ production. However, other HDACs also have the same effect (73); thus, the HDAC8-specific effect on LeTx-exposed macrophages (Fig. 1B) suggests a distinct mechanism. Of interest, HDAC8 was shown to target the cohesin subunit SMC3 and lysine-specific demethylase MLL2. The cohesin complex is known to promote registration of promoter-enhancer DNA elements and to recruit or stabilize transcription factors (42) . MLL2 is involved in demethylating mono-methylated H3K4 (77) , which is a marker for enhancers (77) (78) (79) (80) . Thus, it is possible that HDAC8 regulates eRNA and mRNA expression through these molecules. In addition, HDAC8 was also shown to target histone H4 (41) . Because we have not fully examined deacetylation activity of HDAC8 toward histone H4, we could not rule out the contributions of histone H4 deacetylation to the effect of HDAC8 inhibition. Further extensive studies are required to address these issues.
Here, we showed that HDAC8 was involved in the suppression of IL-1␤ eRNA/mRNA production only at the late stage (after 12 h exposure) of LeTx intoxication (Fig. 5F ). Cleavage of MEKs by LeTx causes complete inactivation of both ERKs and p38 for over 48 h (Figs. 1A and 6A ). Inactivation of p38 caused persistent inhibition of pro-IL-1␤ expression, whereas inactivation of ERKs only led to transient (Ͻ12 h) inhibition and even further enhanced the production 24 h after treatments (Fig.  5B) . The cause of the transient and/or enhancing effects of ERK inhibition is unknown at this moment. Because ERK inhibition induced a robust increase of H3K27Ac levels 12 h after the treatment (Fig. 5C ), the levels of H3K27Ac could be a compensatory mechanism induced by the lack of ERKs activation. Because the levels of HDAC8 expression did not change by ERK inhibition (Fig. 5C ), the increase of H3K27Ac levels could be due to enhanced H3K27 acetyltransferase activity. Previously, FIGURE 7 . Schematic presentation of the proposed role of HDAC8 and H3K27Ac in regulating LPS-induced pro-IL-1␤ eRNA production in LeTxexposed macrophages. LeTx or p38 inhibition causes hypo-acetylation of H3K27 and limits accessibility of NF-B to the pro-IL-1␤ enhancer region, which leads to decrease of pro-IL-1␤ eRNA and subsequent mRNA production. Inhibition of HDAC8 induces hyper-acetylation of H3K27, which allows NF-B access to the enhancer region in response to LPS, and reverses the inhibitory effects of LeTx or p38 inhibition.
inhibition of ERKs was shown to prevent the H3K27 deacetylase p300 (81) from degradation and increased histone H3 acetylation (82) .
Interestingly, dual inhibition of ERKs and p38 persistently suppressed the production of pro-IL-1␤ eRNA and mRNA (Fig. 5B) , which was consistent with LeTx treatment (Figs. 1D, 4G, and 5F). Because p38 inhibition alone was able to mimic the dual inhibition or LeTx effects (Fig. 5B ), we believe that p38 inhibition was the main contributor to the prolonged inhibitory effect of LeTx. Because the inhibitory effects were prevented by PCI and si-HDAC8 (Fig. 5, E and  F) , HDAC8 likely played a key role in the effect. Further examination on the mechanism of HDAC8 in the regulation of eRNA/mRNA production showed that HDAC8 inhibition by PCI facilitated the recruitment of NF-B to the enhancer and promoter regions of pro-IL-1␤ (Fig. 6B ). However, PCI was not able to reverse the effects of the NF-B inhibition (Fig. 6C ). Based on these results, we believe that HDAC8 induced by LeTx or p38 inhibition leads to hypo-acetylation of H3K27 and limits accessibility of NF-B to the pro-IL-1␤ enhancer and promoter regions in macrophages; however, hyper-acetylation of H3K27 induced by HDAC8 inhibition reverses the effects of LeTx and p38 inhibition ( Fig. 7) .
To date, the role of HDAC8 in immune regulation has been controversial. Previously, the inhibition of HDAC8 improves immune responses by increasing interferon regulatory factor 3 (IRF3) and NF-B activities (83); however, the HDAC8-selective inhibitor ITF3056 suppresses TNF-␣ and IL-1␤ production (84) . Contradicting results on the role of HDAC8 in immune response are likely due to specificities of inhibitors, particularly at high doses of inhibitors, and/or multiple targets of HDAC8 (both in the cytoplasm and nucleus). Our study clearly suggested that HDAC8 is involved in the suppression of macrophage immune responses when p38 is inhibited; however, further detailed studies are required for the role of HDAC8 in immune responses.
LeTx is a key B. anthracis virulence factor inhibiting immune responses (1) . During inhalation anthrax infections, LeTx is produced by germinating spores at the early phase of infection (85) , and systemic production of LeTx and bacteremia exhibit a multiphasic kinetic profile as follows: low levels at 24 h, increased at 48 h, declined at 72 h, and then increased at 96 -120 h of infection when the host's condition deteriorates (86) . Therefore, the delayed immune suppression possibly mediated by HDAC8 may play a key role in the later stage immune evasion and subsequent fulminant infection. In addition, other bacterial toxins such as listeriolysine O and OspF, released by Listeria monocytogenes and Shigella flexneri, respectively, also inhibit the MAPK pathway and host immune responses (15, (87) (88) (89) . Although the involvement of HDAC8 in immune suppression during these infections remains to be explored, we speculate that HDAC8 inhibition could be beneficial for these infectious diseases. In summary, this study for the first time demonstrated that inhibition of HDAC8 restored the expression of pro-IL-1␤ in LeTx-exposed macrophages, likely by activating H3K27Acmediated enhancer activity.
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